The function of human augmin complex unit 3(Haus3), a component of the HAU augmin-like complex, in various cancers is not clear. This study aims to elucidate the clinical significance and the role of Haus3 in tumor progression of hepatocellular carcinoma (HCC). We analyzed the expression of Haus3 in 50 HCC patients from The Cancer Genome Atlas and 137 HCC patients in our hospital. Compared with adjacent normal tissue, Haus3 expression assessed by immunohistochemical staining was dramatically increased in tumor tissues. A high level of Haus3 expression was significantly correlated with large tumor size (p=0.025) and tumor multiplicity (p=0.004). Univariate and multivariate survival analysis showed thatexpression of Haus3 was an independent prognostic factor for overall survival ofHCCpatients. Western blot analysis showed that Haus3 regulated the phosphorylation of PLK1-T210 and activity of the Cdk1/cyclin B1 complex, indicating that Haus3 disrupted G2/M phase arrest. In immunofluorescence studies, expression of Haus3 correlated with the level ofα-tubulin and γ-tubulin. In summary, Haus3 plays a vital role in regulatingtheactivityof PLK2-T210 and Cdk1/cyclin B1 complex in G2/M phasetransition and the expression of tubulins to ensure normal mitotic progression. Our data suggest that Haus3 might be a promising prognostic biomarker and molecular target of HCC.
Introduction
Hepatocellular carcinoma (HCC) is the 5th leading cause of cancer death in males worldwide [1] . In China, HCC is the 4th most prevalent neoplasm and is ranked 3rd for cancer mortality [2] ; however, before the age of 60 liver cancer is the leading cause of cancer in men and the most commonly diagnosed cancer [2] . Haus3 was reported prevalent mutated in breast cancer [3] and remained in the metastatic cancer nine years later [4] . It indicated Haus3 may play a vital role in the carcinogenesis in breast cancer, but it has never been reported in HCC. Haus3 contributes to the maintenance of centrosome integrity and completion of cytokinesis as part of the HAUS augmin-like complex [5, 6] . Current studies show that the main function of the HAUS augmin-like complex is regulating mitotic spindle formation [7] [8] [9] [10] [11] [12] . However, the clinical significance and the role of Haus3 in regulating cell cycle progression of HCC are not clear.
Evasion of growth suppressors was reported as a hallmark of cancer, and one of the main mechanisms
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International Publisher is proposed to be loss of a critical gatekeeper of cell-cycle progression whose absence permits persistent cell proliferation [13] . Either deficiency of a tumor suppressor or increased expression of a tumor promoter would cause this effect [14] . PLK1 is the most ancestral and best studied of the four polo-like kinase (PLK) family members. It is a Ser/Thr kinase that plays central roles in several biological processes and performs many different functions in a cell cycle-dependent manner [15, 16] , most of which are attributed to the mitotic phase. PLK1 is overexpressed in a variety of solid tumors and malignancies in the context of tumor progression [17, 18] . Cancer cells were shown to be more sensitive to PLK1 inhibition than normal cells, making regulating PLK1 a highly attractive target for cancer intervention [19, 20] .
The cyclin-dependent kinases (CDKs) are master regulators of the cell cycle and are thought to play central roles in growth control during the cell cycle. Cdk1 is a highly conserved protein that functions as a serine/threonine kinase and is a key player in cell cycle regulation [21, 22] . The G2/M transition in the cell cycle is positively controlled by the Cdk1/cyclin B1 complex. In normal cells, the Cdk1/cyclin B1 complex remains inactive until the end of G2 phases a result of inhibitory phosphorylation of CDK1 [21, 22] .
In this study we first discuss the clinical significance in HCC patients in our center and TCGA HCC mRNA-seq dataset. Then we specifically regulated the expression of Haus3 with the aim of determining the mechanism by which it regulates the cell cycle in HCC. Our findings implicated Haus3 functioned as an oncogene and it might be a potential prognostic biomarker for HCC.
Materials and Methods

Patients
We analyzed Haus3 mRNA expression level using RNA-Seq data for 50 pairs of HCC tissues and non-tumor tissues generated by The Cancer Genome Atlas-Liver Hepatocellular Carcinoma (TCGA-LIHC). To further validate the results, 137 patients with primary HCC who received hepatectomy from December 2013 to December 2014 in First Affiliated Hospital of Zhejiang University were collected; patients who received transarterial chemoembolization (TACE) or chemotherapy were excluded. All patients provided written informed consent and the study protocol was in accordance with the revised Helsinki Declaration of 1983. The study was approved by the Ethical Committee at the First Affiliated Hospital, Zhejiang University School of Medicine.
Xenograft experiments
Eight nude mice were divided into two groups.
SMMC-7721-shNC control cells or SMMC-7721-shHaus3 cells with stable knockdown of Haus3 were injected subcutaneously into the right upper flank region of nude mice (1 × 10 6 per mouse). The mice were monitored every 3 days for tumor size. Tumor volume was calculated by the equation: V= (long*(width/2) 2 ) /2 [23] . Approximately 3 weeks after injection, all mice were sacrificed and the tumors were dissected. Mice were fed standard laboratory chow and water ad libitum and kept in accordance with the Guide for the Care and Use of Laboratory Animals of Zhejiang University. Animal procedures were previously approved by the Ethical Committee at the First Affiliated Hospital, Zhejiang University School of Medicine.
Tissue microarray and immunohistochemistry
Tissue samples were collected from resected samples during the operation. After screening of hematoxylin and eosin-stained slides for optimal tumor content, we constructed tissue microarray slides (HK Bio technology). Duplicate 1-mm cores for tumor tissue and adjacent tumor tissue were taken from different areas of the same tissue block for each patient. Serial sections (4 μm thick) were placed on slides coated with 3-aminopropyltriethoxysilane. Immunohistochemistry (IHC) for Haus3 was performed by using the avidin-biotin complex method (ABC; Vector Laboratories) including heat-induced antigen-retrieval procedures. Incubation with polyclonal antibodies against Haus3 (1:100 dilution; Sigma-Aldrich) was carried out at 4°C for 24 hours.
Quantitative scoring methods were used for analysis of IHC, including the score for the number of positive cells and the score for intensity of staining, Quantitative score (Q) = Positive cells (P) × Intensity (I); maximum score = 9, Scores from 0-4 were included in the low expression group; scores from 6-9 were included in the high expression group [24] .
Cell culture and transfection
SMMC-7721, Bel-7402, SK-HEP-1, Hep G2, and Hep 3B2.1-7 cells were purchased from National Infrastructure of Cell Line Resource. HCC-LM3 was purchased from China Center for Type Culture Collection (CCTCC). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco) and MEM Non-Essential Amino Acids Solution (Gibco) with 10% fetal bovine serum (Gibco) in a humidified, 5% CO2 atmosphere at 37°C. Transient transfection of cells line was performed using lipofectamine 2000 (Thermo Fisher Scientific), Stable transfection was performed with lentivirus according to the manufacturer's instructions (Genechem Co. LTD).
Cell cycle analysis by flow cytometry
Cells were collected from dishes by trypsinization, centrifuged, and fixed with 75% ethanol for 24 h. Cells were then washed three times with phosphate buffer saline (PBS), treated with 20 μg/mL RNase and 50 μg/mL propidium iodide (PI) at room temperature for 20 min in the dark, and analyzed on a FACScan flow cytometer (LSR II, BD). The cell cycle distribution (G1, S, G2/M phase) of 10,000 cells was analyzed by ModFit 3.1 software.
Protein extraction and western blot analysis
Cells were harvested and washed twice with cold PBS. Collected cells were lysed with RIPA lysis buffer (Goodbio technology CO. LTD) containing a protease inhibitor cocktail (Sigma-Aldrich). Tissues were crushed by pestle and mortal, then add RIPA with protease inhibitor cotial and pipet up and down several times. Transfer the lysate to pre-chilled 1.5 ml Eppendorf tubes on ice. Lysis on ice for 30 min. Then centrifugation at 15000g for 20 min. Supernatant proteins were preserved and quantitated using BCA protein assay kit (Thermo scientific, USA).
Similar amounts of proteins were loaded onto a gel (Life Technology), separated by SDS-PAGE gel electrophoresis, and transferred to a PVDF membrane (Bio-Rad). The membrane was blocked with TBST (0.05% Tween 20 in TBS) containing 5% skim milk (BD) and then incubated overnight with the Haus3 antibody (ab170808, abcam, USA)at 4°C. The membrane was washed three times in TBST for 10 min and then incubated with an HRP-conjugated secondary antibody (Pierce) (1:5000) for 1 h at room temperature. Immunocomplexes were detected using chemiluminescence (Pierce). Grey value was calculated by Image Lab 5.0 software, all results were performed for three times.
RNA extraction and real-time PCR
Cells were washed by PBS and 1ml/ 3.5cm diameter well, tissues were crushed by pestle and mortal, then add 2ml/ 1g Trizol (Introvergen). Total RNA was extracted from tissues or cells, according to the manufacturer's instructions. Reverse-transcription PCR (RT-PCR) was carried out with the Prime-Script RT Reagent Kit (Bio-Rad). Expression levels of the genes were determined by real-time quantitative PCR and normalized against an endogenous control GAPDH using SYBR supermix (Bio-Rad). Data were analyzed using a ΔΔCq approach.
Immunofluorescence
Cells grown on coverslips were fixed with 4% paraformaldehyde solution for 15 min at room temperature and then permeabilized with 0.5% Triton X-100 for 5 min. After three washes with PBS, cells were blocked with 3% bovine serum albumin at room temperature for 30 min and then incubated with primary antibodies for 1 h at room temperature. Cells were washed three times with PBS before incubation with fluorescence-labeled secondary antibodies. Cells were washed three more times, mounted on slides with Prolong Gold Anti-fade (Life Technologies), and examined using a Nikon Ai Ti laser scanning confocal microscope (Nikon).
Statistical analysis
Experiments were performed at least three times. The results were expressed as the mean and the standard error of the mean (SEM). Student's t-test (two-tailed) was used to compare the differences between two groups. A chi-squared (χ2) test was used to evaluate the association between Haus3 expression and clinical pathological parameters. Overall survival rates were determined using the Kaplan-Meier method (Breslow test). P values <0.05 were considered significant. All statistical analyses were performed using IBM SPSS Statistics 17.0 software.
Results
High level of Haus3 in HCC tissues significantly correlated with poor prognosis of patients
Analysis of RNA-Seq data generated by The Cancer Genome Atlas-Liver Hepatocellular Carcinoma (TCGA-LIHC) showed that Haus3 was highly expressed in HCC tissue ( Figure 1A) . To identify the role of Haus3 in the progression of HCC, we collected 137 paired primary HCC tissues and adjacent tissues from patients in our hospital and performed western blotting and quantitative real-time PCR to examine the expression of Haus3. Compared with adjacent non-tumor tissues, the protein level and mRNA level of Haus3 were upregulated in HCC tissues ( Figure 1B,  C) . Furthermore, we generated a tissue array and used immunohistochemical staining to confirm the protein levels of Haus3 in HCC tissues compared with matched adjacent tissues ( Figure 1D ).
Because Haus3 was highly expressed in HCC tissues, we used quantitative scoring methods to analyze the clinical pathological significance of Haus3 expression in HCC. According to IHC score, 137 patients were divided into a Haus3 low expression group (n=72) and high expression group (n=65). Correlation analysis showed that a high level of Haus3 expression was associated with larger tumor size (tumor diameter <5 cm vs. >5 cm, p=0.025) and a greater number of cancer lesions (p=0.004) ( Table 1) . Other clinical parameters showed no statistical difference between the two groups. In addition, evaluation of the relationship between the level of Haus3 and HCC risk showed that high Haus3 expression correlated with a shorter survival time (p=0.001, Figure 2A) , and also correlated with a shorter disease free time (p=0.022, Figure 2B ). Furthermore, univariate and multivariate Coxproportional hazards regression analysis identified high Haus3 expression and AFP ≥ 20 ng/ml as independent risk factors for OS ( Table 2) . As AFP ≥20 ng/ml was a strong prognostic factor in this cohort, we divided the cohort into two groups of AFP <20 ng/ml (n=60) and ≥20 ng/ml (n=77). Within the AFP ≥20 ng/ml group, the high Haus3 subgroup showed a poor prognosis at 1, 2, and 3 years postoperative (p=0.023, 0.015, 0.026, respectively; Figure 2C ).
These data suggested that Haus3 overexpression was a frequent event in human HCC tissues and was related to a poor prognosis. 
Downregulation of Haus3 caused G2/M arrest and inhibited tumor growth in vitro and in vivo
To investigate the function of Haus3 in HCC, six human HCC cell lines were examined using real-time PCR and western blot analysis. SMMC-7721 and Bel-7402 cells showed high expression of Haus3 at both mRNA and protein level (Figure. 3A ). These two cell lines were used to establish Haus3 knockdown and overexpression cell lines, and the efficiency of overexpression was validated ( Figure. 3B, C) . Four siRNAs were designed for Haus3 knockdown and siRNA 1 was selectedto synthesize shRNA, which were used for stable knockdown Haus3 in SMMC-7721 and Bel-7402 using lenti-viral infection ( Figure. 3D, E) .
The effect of Haus3 knockdown and overexpression on cell cycle distribution was determined with flow cytometry. Next, we investigated the effect of Haus3 on proliferation using a CCK-8 assay. In both cell lines, knockdown of Haus3 was associated with inhibition of proliferation and Haus3 overexpression promoted HCC cell growth ( Figure 4E, F) . To further characterize the effect of Haus3 on HCC tumor growth in vivo, nude mice were inoculated subcutaneously with 1×10 6 cells with Haus3 knockdown and negative control. The mice were observed for 26 days and tumor size was recorded every 3 days ( Figure  5C ). Tumor growth was inhibited in the Haus3 knockdown group (tumor volume, NC: 337.1±91.65, n=8; KD: 1085± 121.2, n=8) ( Figure 5A, D) . After the mice were sacrificed, tumor tissues were subjected to IHC to validate Haus3 expression level ( Figure 5B ).
Haus3 affects the phosphorylation of PLK1-T210 and Cdk1/cyclin B1 activity in HCC cells
Correlation analysis of Haus3 with PLK1, Cdc25c, Cdk1, and Cyclin B1 using Gene Expression Profiling Interactive Analysis (GEPIA) showed significant correlations ( Figure. 6) . Efficient stable knockdown is demonstrated in Figure  7A , B. Western blotting was performed to investigate the expression of PLK1, PLK1-T210, cdc25c, Cdk1, Cdk1-Y15, and cyclin B1. As shown in Figure 7 , the expression of PLK1-T210 increased in Haus3 overexpression cell lines and decreased in Haus3 knockdown cell lines. Cdc25c expression showed a similar tendency. There was no difference in the expression of Cdk1 in overexpression and knockdown groups, but levels of Cdk1-Y15 decreased in the overexpression group and increased in the knockdown group. The expression of cyclin B1 showed a similar time course to that of Cdk-Y15. These data indicate that Haus3-induced HCC cell G2/M phase arrest might be mediated through phosphorylation of PLK1-T210 and disruption of Cdk1/cyclin B1 complex activity.
In figure. 8, PLK1 was knockdown using siRNA in NC-OE and OE group, and the result showed downregulation of PLK1 could reverse the decreasing G2/M percentage cells induced by overexpression of Haus3. HCC cell circle arrest was observed in NC-OE+siRNA and OE+siRNA group. Comparing with NC group, western blot showed phosphorylation of PLK1-T210, cyclin B1, cdc25c increased, phosphorylation of cdk1-Y15 decreased in OE group. These proteins reversed in NC-OE+siRNA group, and NC+siRNA group showed the consistent result.
These results showed Haus3 plays an important role in regulating the G2/M phase transition of HCC through regulating the activity of PLK2-T210 and Cdk1/cyclin B1 complex. 
Haus3 regulates the expression of α-tubulin and γ-tubulin in HCC cells
PLK1 was reported to have important functions throughout M phase of the cell cycle. As Haus3 regulates the phosphorylation of PLK1-T210, we assumed that it would also regulate centrosome maturation and spindle assembly. The expression of α-tubulin and γ-tubulin was examined by Immunofluorescence using TRITC-conjugated antibodies against α-tubulin and FITC-conjugated antibodies against γ-tubulin. Tubulin expression was decreased in Haus3 knockdown cells. (Supplemental FigureA,  B) . Western blot analysis showed a similar trend for α-tubulin and γ-tubulin, Haus6 and Haus8 (2 members from Hau complex), were also downregulated. (Supplemental Figure C) .
Discussion
In the present study, we first analyzed 50 paired HCC tissues and non-tumor tissues from TCGA datasets and found that Haus3 was highly expressed in HCC tissue. To further validate the level of Haus3, we showed that Haus3 expression levels in 137 paired HCC tissues and adjacent tissues from our hospital were consistent with data from the TCGA dataset. Immunohistochemistry results suggested that a high level of Haus3 in HCC tissue is a frequent event. Then we tried to explain the role of Haus3 in the progress of HCC. We found downregulation of Haus3 affected the phosphorylation of PLK1-T210 and caused G2/M arrest then inhibited tumor growth in vitro and in vivo, these results suggested that Haus3 is an oncogene in HCC.
Although recent improvements in early diagnosis, operation skills, and adjunctive therapy have led to a decrease in the incidence and mortality of HCC, the prognosis of HCC is still not satisfactory. The 5-year survival of HCC after operation was in the range 5-30% throughout 2000-2014 all over the world [25] . In this study, we identified Haus3 as an independent risk factor predicting early prognosis based on protein expression data obtained from IHC staining of tissue samples from HCC patients. Our data, together with previous reports including Haus3 expression, suggest that Haus3 may be a practical biomarker for the prognosis of HCC. Based on reports that the Haus complex might interact with the PLK1-PICH complex [26] , we performed correlation analysis between PLK1 and Haus3 in GEPIA. PLK1 was frequently reported to promote cell cycle transition from G2 phase to M phase [17, 27] . The Polo box domain (PBD) of PLK1 specifically combines with cdc25; leading to phosphorylation of cdc25c that then activates the Cdk1/cyclin B1 complex [28] . This heterodimeric complex promotes mitosis by phosphorylating and activating enzymes regulating chromatin condensation, mitosis-specific microtubule reorganization, and changes in the actin cytoskeleton required for mitotic rounding of the cell [7, 29, 30] . In the present study, we have confirmed the previous findings. The phosphorylation of PLK1, cyclin B1, and cdc25c was upregulated and phosphorylation of Cdk1 was downregulated, and the percent of cells in G2/M phase was decreased in Haus3 overexpression cell lines. The opposite tendency was observed in Haus3 knockdown cell lines. These results were consistent with the notion that Haus3 regulates G2/M phase of the cell cycle affected the phosphorylation of PLK1-T210 and activation of Cdk1/cyclin B1. Further studies are needed to prove whether Haus3 has a direct role in these processes. The relationship between PLK1 and Haus3 suggests that these two proteins may play a similar role in mitosis. PLK1 was reported to be responsible for centrosome maturation and spindle assembly [31] . During mitosis, Haus3 is located on the centrosome in metaphase, and on the centrosome and spindle in anaphase [32] . In this study, we found an interesting phenomenon that the level of Haus6 and Haus8 decreased in Haus3 Knockdown group, Haus6 and Haus8 were reported as subunits implicated in augmin and the γ-tubulin ring complex (γTuRC) and microtubule binding, respectively [7] . These findings support the idea that Haus3 regulates the expression of the centrosome-related protein α-tubulin and the spindle-related protein γ-tubulin. In the present study, the expression of α-tubulin and γ-tubulin increased in a Haus3 overexpression cell line, which was consistent with previous reports. Further experimental evidences are needed to explain the mechanism. In summary, we described Hasu3 is an important player in control of cell cycle, cell proliferation and clinical outcomes during human HCC. Our data suggest that Haus3 function as an oncogene in HCC progression, decreasing Haus3 expression by using small molecules or by targeting gene-delivery systems through gene transfer may be novel approaches that can be used for the treatment of HCC. LQ19H160030), Medical Science and Technology Project of Zhejiang Province (Grant number: 2016146968).
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